is expressed in the heart and vasculature. TRPM2 channels were expressed in the sarcolemma and transverse tubules of adult left ventricular (LV) myocytes. Cardiac TRPM2 channels were functional since activation with H2O2 resulted in Ca 2ϩ influx that was dependent on extracellular Ca 2ϩ , was significantly higher in wild-type (WT) myocytes compared with TRPM2 knockout (KO) myocytes, and inhibited by clotrimazole in WT myocytes. At rest, there were no differences in LV mass, heart rate, fractional shortening, and ϩdP/dt between WT and KO hearts. At 2-3 days after ischemia-reperfusion (I/R), despite similar areas at risk and infarct sizes, KO hearts had lower fractional shortening and ϩdP/dt compared with WT hearts. Compared with WT I/R myocytes, expression of the Na ϩ /Ca 2ϩ exchanger (NCX1) and NCX1 current were increased, expression of the ␣1-subunit of Na ϩ -K ϩ -ATPase and Na ϩ pump current were decreased, and action potential duration was prolonged in KO I/R myocytes. Post-I/R, intracellular Ca 2ϩ concentration transients and contraction amplitudes were equally depressed in WT and KO myocytes. After 2 h of hypoxia followed by 30 min of reoxygenation, levels of ROS were significantly higher in KO compared with WT LV myocytes. Compared with WT I/R hearts, oxygen radical scavenging enzymes (SODs) and their upstream regulators (forkhead box transcription factors and hypoxia-inducible factor) were lower, whereas NADPH oxidase was higher, in KO I/R hearts. We conclude that TRPM2 channels protected hearts from I/R injury by decreasing generation and enhancing scavenging of ROS, thereby reducing I/Rinduced oxidative stress. ischemic cardiomyopathy; voltage-independent Ca 2ϩ channels; oxidative cardiac injury; excitation-contraction coupling TRANSIENT RECEPTOR POTENTIAL (TRP) channels consist of a superfamily of monovalent and divalent cation-permeable ion channels with six transmembrane domains and are homologs of the Drosophila melanogaster TRP channel, a Ca 2ϩ -permeable channel that is essential for phototransduction (31). To date, the mammalian TRP superfamily consists of 28 members grouped into 6 subfamilies based on amino acid sequence homology: canonical, vanilloid, melastatin, polycystin, mucolipin, and ankyrin. To form a functional channel, TRP proteins assemble into either homo-or heterotetramers (11, 17, 25) .
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The TRP-melastatin (TRPM) subfamily contains eight mammalian members (TRPM1-TRPM8), and some of them have short splice variants (43, 44) . TRPM channels have important roles in cell proliferation and survival (1, 8) . Focusing on TRPM2 (previously LTRPC2) channels, the murine TRPM2 gene contains 34 exons, spans ϳ61 kb, and encodes a protein of 1,507 amino acids with a predicted molecular mass of ϳ170 kDa (42) . The human TRPM2 gene consists of 32 exons, spans ϳ90 kb, and encodes a protein of 1,503 amino acids with a predicted molecular mass of ϳ170 kDa (30) . Human and mouse TRPM2 ion channels have amino acid sequences that are 82% identical. Both are widely expressed, and both can be activated by oxidative stress. Both human and rodent TRPM2 channels are sensitive to the TRPM2 inhibitors clotrimazole (15) and 2-aminoethoxydiphenyl borate (38) .
TRPM2 channels are expressed in many cell types, including brain, hematopoietic, heart, vascular smooth muscle, and endothelial cells (14, 29) . TRPM2 channels are activated by ADP ribose (ADPR) (10) and facilitated by cyclic (c)APDR (22) , H 2 O 2 (22) , and intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) (7, 39) . When open, TRPM2 channels are permeable to Ca 2ϩ , Na ϩ , and K ϩ . The function of TRPM2 channels in the heart is unknown.
In tissues other than the heart, TRPM2 channels have been shown to play an essential role in the susceptibility to oxidative stress (12, 29) . The classical hypothesis is that ROS enhance ADPR production, which activates TRPM2 (12, 20, 23, 32) , and that TRPM2-mediated Ca 2ϩ influx contributes to cytokine production, inflammation, and cell death (36) . In the heart, ROS are produced physiologically during respiration by the mitochondrial electron transport chain, and increased ROS levels have been observed in myocytes stimulated with ␤-adrenergic agonists (2) and in pathological conditions such as ischemia-reperfusion (I/R) (40) and doxorubicin exposure (21, 33) . ROS play a major role in myocyte injury through protein oxidation, lipid peroxidation, DNA oxidation, and mutagenesis. A significant increase in intracellular cADPR in cardiac myocytes occurs during hypoxia/reoxygenation (simulated I/R in vitro), which may activate TRPM2 channels and leads to elevations in [Ca 2ϩ ] i (48) . Abrogation of Ca 2ϩ influx via TRPM2 channels should theoretically confer protection on myocytes subjected to oxidative stress. The present study was undertaken to critically test whether genetic elimination of TRPM2 channels would protect hearts from I/R injury. Briefly, exons 21 and  22, encoding transmembrane domains 5 and 6 and the putative Ca   2ϩ pore of TRPM2 gene (42) , were flanked by loxP recombination sites (Fig. 1A) . TRPM2 fx/ϩ mice (C57BL/6 background) were bred to Ella-Cre mice (C57BL/6 background), which express Cre recombinase ubiquitously (24) . TRPM2 ϩ/0 :Cre ϩ/0 mice were bred with wildtype (WT) mice to generate heterozygous TRPM2 ϩ/0 :Cre 0/0 mice, which were then crossed to generate homozygous TRPM2 0/0 :Cre 0/0 mice. Littermates that were TRPM2 ϩ/ϩ :Cre 0/0 served as control "WT" mice. Using specific primers, the absence of WT TRPM2 was demonstrated by genomic PCR (Fig. 1B) . By RT-PCR, absence of the WT TRPM2 transcript was confirmed in TRPM2 knockout (KO) hearts (Fig. 1C) .
METHODS

Generation of global TRPM2 knockout mice.
For brevity, throughout this report, TRPM2 KO is abbreviated to KO, whether applied to mice, hearts, myocytes, or left ventricular (LV) homogenates.
Homozygous adult littermates (ϳ8 -10 wk old) were used in this study. Mice were housed and fed on a 12:12-h light-dark cycle at either the Temple University or The Pennsylvania State University Animal Facility supervised by full-time veterinarian staff members. Standard care was provided to all mice used for experiments. All protocols and procedures applied to the mice in this study were approved and supervised by the Institutional Animal Care and Use Committees of Temple University and The Pennsylvania State University.
I/R surgery in mice. I/R surgery was performed as previously described (9, 26) . Briefly, male WT and KO mice (8 -10 wk) were anesthetized with 2% isoflurane, and the heart was exposed through a left thoracotomy at the fifth intercostal space. The slipknot was tied around the left anterior descending coronary artery (LAD) 2-3 mm from its origin, and the heart was immediately returned to the chest cavity followed by evacuation of the pneumothorax and closure of muscle and skin layers. The slipknot was released after 30 min of ischemia to allow reperfusion. Sham-operated (sham) animals were subjected to the same surgical procedures except that the slipknot was not tied. Animals recovered from anesthesia within 5 min after the completion of surgery and received ibuprofen (10 mg/50 ml drinking water) for 48 h as postsurgery analgesia. Experiments on survivors were performed on days 2-3 postsurgery.
Infarct size measurement. The myocardium was stained with 2% 2,3,5-triphenyltetrazolium (TTC) to measure infarct size as previously described (9, 26) . Briefly, 72 h after I/R, the slipknot around the LAD was retied followed by an injection of 2% Evans blue dye (0.2 ml). Hearts were excised, and the LV was sliced into five equally thick sections perpendicular to the short axis of the heart and incubated in PBS containing TTC. After 15 min at room temperature, slices were digitally photographed. The Evans blue-stained area (area not at risk), TTC-negative area (infarcted myocardium), and area at risk (AAR; including both TTC-negative and -positive areas) were measured with computer-based image analyzer SigmaScan Pro 5.0 (SPSS Science, Chicago, IL). The AAR was expressed as percentage of the total LV, whereas the infarcted myocardium was expressed as a percentage of the AAR.
Echocardiographic and hemodynamic analyses of cardiac function. Transthoracic two-dimensional echocardiography was performed in anesthetized (2% inhaled isoflurane) WT or KO mice with a 12-MHz probe as previously described (34, (45) (46) (47) . For in vivo hemodynamic measurements, a 1.4-Fr micromanipulator-tipped catheter (SPR-671, Millar Instruments) was inserted into the right carotid artery and advanced into the LV of lightly anesthetized (tribromoethanol-amylene hydrate, Avertin, 2.5% wt/vol, 8 l/g ip) mice with spontaneous respirations, which were placed on a heated (37°C) pad. Hemodynamics, including heart rate, LV end-diastolic pressure, and the maximal first time derivative of the LV pressure rise (ϩdP/dt) and fall (ϪdP/dt), were recorded in closed-chest mode, both at baseline and in response to increasing doses of isoproterenol (Iso; 0.1, 0.5, 1, 5, and 10 ng) (34, (45) (46) (47) .
Isolation of adult murine ventricular myocytes. Cardiac myocytes were isolated from the LV free wall and septum of WT and KO mice according to the protocol of Zhou et al. (53) and modified by us (34, 35, 41, (45) (46) (47) . Myocytes were seeded onto laminin-coated coverslips and used within 2-8 h of isolation.
Immunolocalization of TRPM2 in adult LV myocytes. Freshly isolated WT mouse LV myocytes were plated on laminin-coated coverslips, allowed to adhere for 3 h, and washed three times with PBS containing 2 mM EGTA (PBS-EGTA). Myocytes were fixed for 30 min in 4% paraformaldehyde in PBS-EGTA. After two rinses with PBS-EGTA, myocytes were permeabilized for 2 min with 0.05% Triton X-100. Myocytes were rinsed two times with PBS-EGTA and once with Blotto (5% nonfat dry milk, 0.1 M NaCl, and 50 mM Tris·HCl; pH 7.4). Alexa fluor 488-conjugated monoclonal antibody against the ␣1-subunit of Na ϩ -K ϩ -ATPase (Millipore, Temecula, CA, 1:250) with or without primary antibodies against TRPM2 (Bethyl Labs, Montgomery, TX, 1:50) diluted in Blotto were added to the cells, incubated at room temperature in the dark for 60 min, and rinsed three times with Blotto. Secondary antibodies (Alexa fluor 594-labeled goat anti-rabbit IgG, Invitrogen, Eugene, OR, 1:50) diluted in Blotto were added to the cells, incubated in the dark for 30 min, and followed by three PBS-EGTA rinses. Coverslips were mounted to slides with Prolong gold antifade mounting solution (Invitrogen). Confocal images (ϫ63 oil objective, 510 Meta, Carl Zeiss) were acquired at 594-nm excitation and 617-nm emission for TRPM2 and 488-nm excitation and 510-nm emission for Na ϩ -K ϩ -ATPase. pore were flanked by loxP recombination sites (conditional TRPM2 KO), and constitutive global TRPM2 KO mice were generated as described in METHODS. B: for the TRPM2 wild-type (WT) group, the following primers were used: primer 726, forward 5=-ggC TCT gCC TCA TCC CCA gAA TC-3=; and primer 727, reverse 5=-CCg gAT ACA gAT gCA ggA TgC Tg-3=. For the TRPM2 KO group, the following primers were used: primer 726, forward 5=-ggC TCT gCC TCA TCC CCA gAA TC-3=; and primer 728, reverse 5=-CTg AAg gTC CTg AgT TTg AAT CCC A-3=. Genomic PCR demonstrated the absence of WT TRPM2 in both bone marrow (M) and the heart (H) in TRPM2 KO mice. C: for RT-PCR, the following set of primers was used: primer 753, 5=-TgT TCT gTC TCC gTC TCA TgC ACA-3=; and primer 754, 5=-TCT Tgg CAG ggA TCT TCA ggA CAA 3=. Our results demonstrated the absence of WT TRPM2 transcripts in the hearts of TRPM2 KO mice. (34, 35, 41, (45) (46) (47) .
Myocyte shortening measurements. Myocytes adherent to coverslips were bathed in 0.7 ml of air-and temperature-equilibrated (37°C), HEPES-buffered (20 mM, pH 7.4) medium 199 (1.8 mM [Ca 2ϩ ]o) and paced to contract (2 Hz). Myocyte images were captured by a charge-coupled device video camera, and myocyte motion was analyzed offline with an edge detection algorithm as previously described (34, 35, 41, (45) (46) (47) .
ROS measurements in isolated cardiac myocytes. To simulate I/R in vitro, LV myocytes isolated from WT and KO hearts were plated on laminin-coated glass coverslips and exposed to either 21% O 2-5% CO2 (normoxic) or 1% O2-5% CO2 (hypoxic) for 2 h followed by 30 min of reoxygenation. Myocytes were incubated in Krebs-Henseleit bicarbonate buffer containing 5 mM pyruvate as a substrate (4) . During reoxygenation, myocytes were loaded with 5-(and 6-)chloromethyl-2=, 7=-dichlorofluorescein diacetate acetyl ester (5 M, 30 min). Coverslips containing myocytes were mounted in an open perfusion microincubator (PDMI-2, Harvard Apparatus) at 37°C and imaged. Confocal images were obtained at 488-nm excitation and 515-nm emission. Images were analyzed, and the mean dichlorofluorescein fluorescence was quantified using Image J software (National Institutes of Health).
Electrophysiological measurements. Na ϩ /Ca 2ϩ exchange current (INaCa) (34, 35, 45, 46, 50) , Na ϩ -K ϩ -ATPase current (Ipump; pipette Na ϩ concentration: 80 mM and extracellular K ϩ concentration: 18 mM) (34, 35, 46, 47) , and action potential (AP) (34, 41, 45, 46) were measured in isolated LV myocytes (30°C) with whole cell patchclamp. Fire-polished pipettes (tip diameter: 4 -6 m) with resistances of 0.8 -1.4 M⍀ when filled with pipette solutions were used. The composition of pipette and bathing solutions and protocols are provided in the figures.
Immunoblot analysis. Mouse LV homogenates were prepared as previously described (41) . For the detection of ␣ 1-and ␣2-subunits of Na ϩ -K ϩ -ATPase, the ␣1c-subunit of the L-type Ca 2ϩ channel (Cav1.2), sarco(endo)plasmic reticulum Ca 2ϩ -ATPase 2 (SERCA2), calsequestrin (7.5% SDS-PAGE, reducing conditions with 5% ␤-mercaptoethanol), Na ϩ /Ca 2ϩ exchanger 1 (NCX1; 7.5% SDS-PAGE, nonreducing conditions with 10 mM N-ethylmaleimide), and cardiac ryanodine receptor 2 phosphorylated at Ser 2808 (pRyR2; 6% SDS- PAGE, reducing conditions), commercially available antibodies were used as previously described (34, 35, 41, (45) (46) (47) (Fig. 1B) and RT-PCR (Fig. 1C) confirmed the absence of the WT TRPM2 gene and transcript, respectively, in KO hearts. Immunolocalization experiments indicated that both TRPM2 channels and the ␣ 1 -subunit of Na ϩ -K ϩ -ATPase (sarcolemma marker) were expressed in the sarcolemma and transverse tubules in adult LV myocytes (Fig. 2) . To ascertain whether TRPM2 channels were functional in the heart, myocytes isolated from WT and KO hearts were exposed to H 2 (Fig. 4) , as confirmed by the absence of group (P Ͻ 0.65) and group ϫ Iso interaction (P Ͻ 0.90) effects.
Effects of I/R on infarct size, cardiac performance, and perioperative mortality in WT and KO mice. Three days post-I/R, both AARs (%LV) and infarct sizes (%AAR) were similar between WT and KO hearts (Fig. 5) . While both WT and KO hearts suffered significant decreases in FS (P Ͻ Table 2 ). There were no differences in the expression of SERCA2, the ␣ 2 -subunit of Na Effects of I/R on I NaCa , I pump , and AP in WT and KO myocytes. In agreement with the NCX1 expression results (Fig.  6) , I NaCa in myocytes isolated from KO I/R hearts was the highest among the four groups (group effect, P Ͻ 0.0001; group ϫ voltage interaction effect, P Ͻ 0.0001; Fig. 7) . Interestingly, I/R had no effect on I NaCa in WT myocytes (WT sham vs. WT I/R: group effect, P Ͻ 0.14).
Although I pump was not different between WT sham and KO sham myocytes, post-I/R I pump due to the ␣ 1 -subunit but not ␣ 2 -subunit of Na ϩ -K ϩ -ATPase was significantly (P Ͻ 0.005) decreased in both WT and KO myocytes (Fig. 8) . In addition, I pump due to the ␣ 1 -subunit of Na ϩ -K ϩ -ATPase was further reduced (P Ͻ 0.048) in KO I/R compared with WT I/R myocytes (Fig. 8 ), in agreement with decreased expression of the ␣ 1 -subunit of Na ϩ -K ϩ -ATPase in KO I/R myocytes (Fig.  6) . In response to Iso (1 M) stimulation, the increase in I pump due to the ␣ 1 -subunit of Na ϩ -K ϩ -ATPase over baseline was significantly (P Ͻ 0.012) higher in WT I/R compared with KO I/R myocytes (Fig. 8) . Iso stimulation resulted in little to no increase in I pump due to the ␣ 2 -subunit of Na ϩ -K ϩ -ATPase in both WT I/R and KO I/R myocytes.
There were no differences in resting membrane potential, AP amplitude, and AP duration (APD) at 90% repolarization among WT sham, WT I/R, KO sham, and KO I/R myocytes (Fig. 9) . The most dramatic difference was a doubling of APD at 50% repolarization in KO I/R myocytes compared with the other groups (P Ͻ 0.0001).
Effects of I/R on [Ca 2ϩ ] i transients and myocyte contractility in WT and KO myocytes. Systolic [Ca 2ϩ ] i was significantly (P Ͻ 0.0001) lower in both WT and KO myocytes subjected to I/R compared with their respective sham controls (Table 3) . There were no differences in diastolic [Ca Alterations in [Ca 2ϩ ] i homeostasis would be expected to affect myocyte contractility. Indeed, maximal contraction amplitude was decreased by I/R in both WT and KO myocytes (Table 3 ). There were no differences in maximal contraction amplitudes between WT I/R and KO I/R myocytes.
Effects of hypoxia/reoxygenation on ROS levels in WT and KO myocytes. In the heart, both ROS (40) and cADPR (48) production are increased after I/R. Since both ROS and cADPR can activate TRPM2, we measured ROS levels in WT and KO myocytes, both under normoxic conditions and after hypoxia/ reoxygenation to simulate I/R in vitro. There were no differences (P Ͻ 0.38) in ROS levels between WT and KO myocytes incubated under normoxic conditions (Fig. 10) . ROS levels were significantly (P Ͻ 0.0001) higher in hypoxic/reoxygenated myocytes compared with their respective normoxic controls (Fig. 10) . Importantly, after hypoxia/reoxygenation, ROS levels in KO were significantly (P Ͻ 0.0001) higher than those present in WT myocytes (Fig. 10) .
Effects of I/R on oxygen free radical scavenging enzymes in KO myocytes. Since ROS levels were higher in KO myocytes after hypoxia/reoxygenation, we measured oxygen free radical scavenging enzymes in WT I/R and KO I/R hearts. Both SOD1 and SOD2 were significantly lower in KO I/R hearts compared with WT I/R hearts (Fig. 11) . Upstream regulators of SOD expression, HIF-1␣, FoxO1, and FoxO3a were also significantly lower in KO I/R hearts. Finally, NOX4, which is involved in the generation of oxygen free radicals, was significantly higher in KO I/R hearts.
DISCUSSION
Although TRPM2 mRNA and protein are expressed in cardiac myocytes (49) , studies on the functional significance of TRPM2 channels in the heart remain relatively sparse. Table 2. tion (49) . The results of these two studies suggest that TRPM2 channels may play a significant role in cardiac I/R injury by inducing apoptosis and altering energy metabolism. In addition, TRPM2-mediated Ca 2ϩ influx stimulates chemokine production by inflammatory cells (monocytes, macrophages, and granulocytes) (37) and may further contribute to tissue damage post-I/R. Therefore, the major hypothesis of the present study was that inhibiting or eliminating TRPM2 channels should confer cardiac protection against oxidative injury induced by I/R. This is the first study that has demonstrated that TRPM2 channels are localized in the sarcolemma and transverse tubules in adult mouse LV myocytes (Fig. 2) and that the cardiac TRPM2 channels were functional since activation by H 2 O 2 resulted in significantly higher [Ca 2ϩ ] i in WT compared with KO myocytes (Fig. 3A) (Fig. 3A) and blocked by clotrimazole (Fig. 3B) The second major finding is that genetic depletion of TRPM2 channels did not result in measurable differences in contractile function between WT sham and KO sham hearts (Fig. 4) . In agreement with in vivo cardiac function measurements, single myocyte [Ca 2ϩ ] i dynamics and contraction amplitudes (Table 3) , AP amplitudes and APD (Fig. 9) , I NaCa (Fig.  7) , and I pump (Fig. 8) were also similar between WT sham and KO sham myocytes. In addition, expression of most of the proteins involved in excitation-contraction coupling was similar except for pRyR2, which was significantly higher in KO sham compared with WT sham myocytes (Fig. 6) . Elevated pRyR2 has been associated with increased sarcoplasmic reticulum Ca 2ϩ leak in heart failure (27) , although this point remains controversial (19) . Our data suggest that the increased energy expenditure, low cardiac calmodulin, and enhanced insulin sensitivity observed in TRPM2 KO hearts (albeit dif- Values (in arbitrary units) are means Ϯ SE; n ϭ 3 hearts in the WT sham group; 6 hearts in the WT I/R group, 4 hearts in the KO sham group, and 6 hearts in the KO I/R group. pRyR2, cardiac ryanodine receptor phosphorylated at Ser 2808 ; SERCA2, sarco(endo)plasmic reticulum Ca 2ϩ -ATPase 2; NCX1, cardiac Na ϩ /Ca 2ϩ exchanger 1; Cav1. . I/R increases Na ϩ /Ca 2ϩ exchange current (INaCa) in TRPM2 KO but not WT myocytes. LV myocytes were isolated from WT and KO hearts previously subjected to sham operation or 30 min of ischemia followed by 3 days of reperfusion. The standard patch-clamp whole cell configuration was used to measure INaCa. The pipette solution contained (in mM) 100 Cs ϩ glutamate, 7.25 NaCl, 1 MgCl2, 20 HEPES, 2.5 Na2ATP, 10 EGTA, and 6 CaCl2 (pH 7.2). Free Ca 2ϩ in the pipette solution was 205 nM, as measured fluorimetrically with fura-2. The external solution contained (in mM) 130 NaCl, 5 CsCl, 1.2 MgSO4, 1.2 NaH2PO4, 5 CaCl2, 10 HEPES, 10 Na ϩ HEPES, and 10 glucose (pH 7.4). Verapamil (1 M) was used to block L-type Ca 2ϩ current. Our measurement conditions were biased toward measuring outward (3 Na ]i to equilibrate with those in pipette solution), INaCa (30°C) was measured in WT and TRPM2 KO myocytes using a descending (from ϩ100 to Ϫ120 mV, 500 mV/s) to ascending (from Ϫ120 to ϩ100 mV, 500 mV/s) voltage ramp, first in the absence and then in the presence of 1 mM NiCl2. B: raw currents measured in a WT myocyte. INaCa was defined as the difference current measured in the absence and presence of Ni ϩ during the descending voltage ramp. Note that with the exception of small contamination of the ascending ramp by cardiac Na ϩ current, there were little to no differences in currents measured between the descending and ascending voltage ramps. This suggests that ferent exons of TRPM2 were deleted in the generation of TRPM2 KO mice) appear to have little to no effect on the mechanical performance of hearts and myocyte excitationcontraction coupling examined under baseline conditions. Our 30-min cardiac ischemia followed by reperfusion in WT animals resulted in ϳ13% LV infarct (Fig. 4) , ϳ22% decrease in FS (Fig. 5) , ϳ21% reduction in maximal ϩdP/dt (Fig. 5) , ϳ44% reduction in [Ca 2ϩ ] i transient amplitudes, and ϳ27% decrease in single myocyte contraction amplitudes (Table 3) . Michael et al. (28) reported 13.7 Ϯ 2.4% LV infarct after 30 min of occlusion followed by 24 h of reperfusion in male FVB mice. Li et al. (26) reported 21.6% reduction in maximal ϩdP/dt after 30 min of ischemia followed by 28 days of reperfusion in male C57BL/6 mice. Our results are similar and indicate that our I/R model was valid.
The most dramatic result of the present study was that contrary to the observation that TRPM2 mediates oxidative stress-induced apoptosis and cell death in cultured neonatal cardiomyocytes (49) , TRPM2 deficiency was associated with aggravation, rather than amelioration, of in vivo cardiac contractile dysfunction post-I/R injury: a model associated with increased oxidative stress (40) . Despite similar AARs and infarct sizes between WT I/R and KO I/R hearts (Fig. 5) , FS and ϩdP/dt were clearly better preserved in WT I/R compared with KO I/R hearts (Fig. 4) .
In KO-I/R hearts, decreased myocardial contractility compared with WT I/R hearts may be due to increased myocyte maladaptations postinjury. Compared with WT I/R myocytes, KO I/R myocytes had higher NCX1 expression (Fig. 6) , larger I NaCa (Fig. 7) , decreased expression of the ␣ 1 -subunit of Na (Fig. 6 ), lower I pump (Fig. 8) , and significantly prolonged APD at 50% repolarization (Fig. 9) , suggesting alterations in repolarizing K ϩ currents. Enhanced NCX1 expression and activity (13) , reduced Na ϩ -K ϩ -ATPase expression and activity (6) , and prolonged APD (51) have been observed in ischemic cardiomyopathy. A critical observation is that in WT I/R and KO I/R myocytes, [Ca 2ϩ ] i dynamics and myocyte shortening mechanics were equally depressed post-I/R (Table 3) . Therefore, the inferior myocardial contractility in KO I/R compared with WT I/R hearts (Fig. 4) is unlikely to be mediated by modest differences in the expression of ion transporters associated with excitation-contraction coupling (Fig. 6 ) and [Ca 2ϩ ] i regulation. In KO I/R myocytes, expression of NOX4 was higher, whereas that of SOD was lower, compared with WT I/R myocytes (Fig. 11) . In addition, two upstream regulators of 4) . Top: raw current from a WT myocyte. After baseline current had been recorded, dihydroouabain (DHO; 5 M) was added, and the difference was taken to be current due to the ␣2-subunit of Na ϩ -K ϩ -ATPase (I␣2). DHO (1 mM) was then added, and the additional decrease in current was taken to be due to the ␣1-subunit of Na ϩ -K ϩ -ATPase (I␣1). After DHO washout, Ipump recovered to baseline levels. In some experiments, isoproterenol (Iso; 1 M) was added, and I␣1 and I␣2 were separated as before. SOD expression, such as HIF-1␣ and FoxOs, were lower in KO-I/R myocytes (Fig. 11 ). These observations suggest that KO I/R myocytes may generate more ROS while simultaneously having less capacity to cope with oxidative stress. Indeed, when isolated LV myocytes were subjected to hypoxia followed by reoxygenation to simulate I/R, ROS levels were much higher in previously hypoxic KO compared with WT myocytes (Fig. 10) .
A very recent publication using an independent TRPM2 KO mouse (C57BL/6 background) reported very different results . I/R prolongs action potential (AP) duration (APD) more in TRPM2 KO myocytes. LV myocytes were isolated from WT and KO hearts previously subjected to either sham operation or 30 min ischemia followed by 3 days of reperfusion. Myocytes were paced at 1 Hz. The pipette solution consisted of (in mM) 125 KCl, 4 MgCl2, 0.06 CaCl2, 10 HEPES, 5 K ϩ -EGTA, 3 Na2ATP, and 5 Na2-creatine phosphate (pH 7.2). The external solution consisted of (in mM) 132 NaCl, 5.4 KCl, 1.8 CaCl2, 1.8 MgCl2, 0.6 NaH2PO4, 7.5 HEPES, 7.5 Na ϩ -HEPES, and 5 glucose (pH 7.4). Top: representative APs from WT sham, WT I/R, KO sham, and KO I/R myocytes recorded using the current-clamp configuration at 1.5ϫ threshold stimulus, 4-ms duration, and 30°C. Bottom: means Ϯ SE of resting membrane potential (Em), AP amplitude, APD at 50% (APD50), and APD at 90% repolarization (APD90) from 8 WT sham, 9 KO sham, 21 WT I/R, and 25 KO I/R myocytes. *P Ͻ 0.0001, KO I/R vs. KO sham or WT I/R myocytes. (16) . Specifically, after 45 min of ischemia followed by 24 h of reperfusion in vivo, neutrophil infiltration was less, infarct size was smaller, and ϩdP/dt was higher in KO compared with WT hearts. In addition, pretreatment with econazole (10 M) to inhibit TRPM2 channels in WT neutrophils reduced infarct size in isolated perfused TRPM2 KO hearts subjected to 60 min of ischemia followed by 2 h of reperfusion. The authors suggested that increased neutrophil adhesion to endothelial cells mediated by TRPM2 channels may cause increased damage post-I/R. The reasons for the different results between our study and those of Hiro et al. (16) are not obvious but may include the following: 1) TRPM2 was knocked out by targeting different exons, 2) 45 versus 30 min of ischemia resulted in much larger infarcts (45% vs. 27% AAR), 3) different anes- KO myocytes subjected to hypoxia-reoxygenation. WT and KO myocytes incubated in Krebs-Henseleit bicarbonate buffer containing pyruvate (5 mM) as the sole substrate were either exposed to hypoxia (1% O2-5% CO2) for 2 h followed by 30 min of reoxygenation [simulated I/R (sI/R)] or to control normoxic (21% O2-5% CO2) conditions. During the 30 min of reoxygenation, myocytes were loaded with 5-(and 6-)chloromethyl-2=, 7=-dichlorofluorescein (DCF) diacetate acetyl ester (5 M). Top: DCF fluorescence from WT sI/R and KO sI/R myocytes. Bottom: DCF fluorescence of WT normoxic (black bar; n ϭ 23), WT sI/R (blue bar; n ϭ 35), KO normoxic (black bar; n ϭ 30), and KO sI/R (blue bar; n ϭ 31) myocytes. The photomultiplier was set at the same gain for all four groups of myocytes. *P Ͻ 0.0001, normoxic vs. sI/R for both WT and KO myocytes; #P Ͻ 0.0001, WT sI/R vs. KO sI/R myocytes.
thesia (pentobarbital vs. isoflurane for I/R surgery, pentobarbital vs. avertin for in vivo hemodynamic measurements), 4) different surgical techniques used in measuring in vivo hemodynamics (opening the chest followed by LV puncture vs. catheterizing the right carotid artery in a closed-chest preparation), and 5) increased heat dissipation in open-chest mice compared with closed-chest mice. The reason for choosing 45 min of in vivo ischemia is not clear since it has been known for well over 3 decades that 40 min of ischemia results in irreversible cardiac injury and reperfusion is followed by the prompt development (within 2 min) of explosive cell swelling, contraction bands, and calcification of mitochondria (18) . It may be difficult to demonstrate salutatory effects of cardiac TRPM2 channels on myocyte survival when irreversible injury has already occurred. It is also difficult to reconcile the results of Hiro et al. (16) with the report of Di et al. (5) , which showed that TRPM2 channels had beneficial effects on endotoxininduced lung inflammation by dampening NOX-mediated ROS production in WT but not KO phagocytes. Finally, cumulative evidence weighs against a pivotal role of neutrophils as a causative factor in most forms of I/R injury in the heart and brain (3) . There are caveats to the present study. The first caveat is that our study design using global TRPM2 KO mice could not unequivocally differentiate whether the beneficial effects of TRPM2 channels on myocardial contractility post-I/R was due to better capability of WT myocytes to cope with oxidative stress or to reduced inflammatory response secondary to less ROS production by infiltrating WT monocytes and macrophages (5). However, a direct causal association between infiltrating inflammatory cells and myocardial injury remains unproven (3). Future studies using cardiac-specific, conditional TRPM2 KO mice would provide an unequivocal answer. The second caveat is that our experiments did not differentiate whether increased ROS scavenging capacity or reduced ROS generation was the dominant mechanism by which TRPM2 channels protected hearts from I/R injury. The third caveat is that we only evaluated cardiac function and mortality at 3 days post-I/R and thus cannot comment whether short-term improvement in myocardial function would impact on long-term survival. Finally, the mechanisms by which enhanced capacity to cope with oxidative stress translate into improved myocardial contractility postischemia need to be further elucidated. Our data indicate that the improvement in cardiac function in KO I/R hearts is unlikely due to better [Ca 2ϩ ] i dynamics and single myocyte shortening mechanics.
In conclusion, TRPM2 channels protected hearts from I/R injury. The protection was associated with a previously unknown function of TRPM2 channels in reducing ROS generation and increasing ROS scavenging capability in adult cardiac myocytes. Together with the demonstrated ability of TRPM2 channels to reduce phagocyte ROS production (5), the modest activation of TRPM2 channels may represent a novel therapeutic approach in ameliorating cardiac ischemic injury. 11 . After I/R, TRPM2 KO hearts have a reduced capability to cope with oxidative stress. WT or KO hearts were subjected to 30 min of ischemia followed by reperfusion for 3 days. A; LV homogenates were subjected to SDS-PAGE followed by Western blot analysis to detect hypoxia-inducible factor (HIF)-1␣, forkhead box transcription factors (FoxO1 and FoxO3a), SODs (SOD1 and SOD2), and NAPDH oxidase 4 (NOX4). Protein loading was normalized against CLSQ. B: composite results of A. *P Ͻ 0.05.
